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ABSTRACT 
 
The optical properties of semiconducting nanocrystals have considerable 
application in various fields such as biological imaging, light emitting devices and solar 
cells. Due to high surface to volume ratio surface structure has a profound effect on the 
exciton quantum yield and charge carrier dynamics of these nanocrystals. Surface 
imperfections or surface defects often decrease the exciton quantum yield by trapping 
the charge carriers and thus affect relaxation dynamics. Surface binding surfactants play 
an important role in determining optical properties and exciton dynamics as they can 
remove surface defects through passivation and they can also introduce new trap sites.  
Transition metal doped semiconducting nanocrystals especially Mn-doped in II-
VI semiconducting host show stoke shifted Mn-emission with high Mn-emission 
quantum yield applicable in light emitting devices, biological imaging and sensors. 
Although Mn-emission was found to depend on surface effects, the underlying 
mechanism and dynamics was not explored in great detail. Thiols are important class of 
surfactants used to passivate nanocrystals especially to make water soluble nanocrystals. 
Thiols are hole trapping surfactants and known to quench the emission in CdSe or CdS 
nanocrytals. In our study, we examined the effect of hole trapping ligand octanethiol on 
the Mn-luminescence quantum yield and exciton dynamics in Mn-doped CdS/ZnS 
nanocrystals. Surprisingly Mn-luminescence quantum yield was found to increase in 
presence of octanethiol in contrary to undoped nanocrystals where octanethiol almost 
quenched the exciton emission. Combining transient absorption measurements with 
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steady state Mn-photoluminescence and Mn-lifetime measurements, we confirmed the 
existence of an energy transfer process from octanethiol created hole traps to Mn that 
enhances the Mn-photoluminescence.  
Apart from studying the effect of surface environment in exciton relaxation 
dynamics in Mn-doped nanocrystals, we have studied the effect of surfactant and solvent 
on the spin relaxation dynamics in magnetic nanocrystals through transient Faraday 
rotation measurements. The spin-lattice relaxation rate in spherical Fe3O4 nanocrystals 
depends on the functional group and binding nature of the surfactant. Also, the solvent 
affects the spin-lattice relaxation rate only when they can access the surface of the 
nanocrystals. Therefore, thick surfactant passivation prevents the approach of the solvent 
molecules resulting spin-lattice relaxation rate independent of solvent environment.  
 
 
 
 
 
  
 iv 
 
 
 
 
 
 
 
 
 
 
To my family and friends 
 
 
 
 v 
 
 
ACKNOWLEDGEMENTS 
 
I would like to thank my advisor Dr. Dong Hee Son for his constant help and 
support. I would also like to thank my committee members Dr. Hilty and Dr. Roshchin 
for providing their valuable time for my dissertation. I also thank my old committee 
member Dr. Batteas for his advice and time. I take this opportunity to thank Department 
of Chemistry, Texas A&M University for giving me the chance to study here. I thank all 
the departmental staff especially Sandy Manning for the help and prompt response and 
university writing center for their help to complete my thesis. I thank Dr. Lisa Pérez, 
Laboratory of Molecular Simulations, for some helpful sessions to understand some of 
the theoretical aspects of my research. I also want to thank my all my lab members for 
their help and suggestions during my research especially Hsiang-Yun Chen for being an 
outstanding senior student. She helped me in each and every aspect of my daily research 
life. I also thank my friends and family for their understanding and support. Finally, I 
want to thank my fiancé Shaoni Nandi for her mental support that strengthens me in my 
difficult times.  
 
 vi 
 
 
TABLE OF CONTENTS 
 
 Page 
ABSTRACT ..............................................................................................................  ii 
DEDICATION ..........................................................................................................    iv 
ACKNOWLEDGEMENT ........................................................................................  v 
TABLE OF CONTENTS ..........................................................................................  vi 
LIST OF FIGURES ...................................................................................................  viii 
LIST OF TABLES ....................................................................................................  x 
CHAPTER 
 I INTRODUCTION ................................................................................  1 
 
 
II BRIEF DISCUSSION ABOUT RELEVANT LITERATURE ...........  5 
 
  2.1 Energy Relaxation Dynamics in Semiconducting 
Nanocrystals .............................................................................        5 
 
 
 
2.2 Effect of Surfactant on Exciton Dynamics ...............................  8 
 
 
 
2.3 Mn-Doped Nanocrystals: Exciton-Mn Energy 
Transfer Dynamics ...................................................................        9 
 
 
 
2.4 Photo-induced Demagnetization and Magnetization 
Recovery in Fe3O4 Nanocrystals ..............................................  10 
 
 
III EXPERIMENTAL PROCEDURES  ...................................................      12 
 
  3.1 Synthesis and Characterization of Nanocrystals ......................  12 
  3.2 Experimental Techniques .........................................................  18
 
                                                                
 IV EFFECT OF OCTANETHIOL ON ENERGY TRANSFER 
DYNAMICS IN Mn-DOPED CdS/ZnS CORE/SHELL 
NANOCRYSTALS  .............................................................................  
24
 
   4.1 Introduction ..............................................................................  
24
 
   4.2 Results and Discussion .............................................................  28
 
   4.3 Conclusion ................................................................................  43
 
 vii 
 
 
 
 
 
 
 
 V  EFFECT OF SURFACE ENVIRONMENT ON SPIN-
LATTICE RELAXATION DYNAMICS OF IRON OXIDE 
NANOCRYSTALS ..............................................................................      44 
  
 5.1 Introduction ..............................................................................  44 
  
 
5.2 Results and Discussion .............................................................  47 
  
 
5.3 Conclusion ................................................................................  59 
    
 
VI FUTURE ASPECTS: TEMPERATURE DEPENDENT Mn-
LUMINESCENCE IN Mn-DOPED CdS/ZnS NANOCRYSTALS:  
                           ROLE OF TRAPPING ON Mn-LUMINESCENCE  ..........................      60 
 
 
     REFERENCES ..........................................................................................................  63 
APPENDIX ...............................................................................................................  73 
 
 viii 
 
 
LIST OF FIGURES 
 Page 
Figure 3.1 Schematic of Mn-doping and layer by layer ZnS coating to synthesize 
interfacial Mn-doped CdS/ZnS ...............................................................  12 
Figure 3.2 Structure of the surfactants used to elucidate the effect of varying   
surfactant on magnetization dynamics of Fe3O4 .....................................      16 
Figure 3.3 (a) TEM image of 7.5 nm Fe3O4 nanocrystals. UV-Vis absorption 
spectra of Fe3O4 nanocrystals (b) before and after TMAH-exchange 
dispersed in cyclohexane and water, respectively (diameter = 7.5 nm), 
(c) with different surfactants in 1-octadecene after further surfactant 
exchange from TMAH-passivated nanocrystals (diameter = 5.3 nm) ....  17 
Figure 3.4 Typical TEM images of (a) as synthesized and (b) TMAH-passivated 
Fe3O4 nanocrystals ..................................................................................  18 
Figure 3.5 Schematic of transient absorption measurement and relevant equations  19 
Figure 3.6 Schematic of transient Faraday rotation measurement............................  22 
Figure 4.1 (a) Absorption and (b) emission spectra of undoped and Mn-doped 
CdS/ZnS nanocrystals .............................................................................   29 
Figure 4.2 Bleach recovery dynamics of undoped CdS/ZnS nanocrystal with          
increasing amount of octanethiol (pump at 395 nm, probe at 420 nm)...    31 
Figure 4.3 Schematic of exciton relaxation processes in undoped CdS/ZnS          
nanocrystals .............................................................................................      32 
Figure 4.4 Transient absorption data for Mn-doped CdS/ZnS with increasing 
amount of octanethiol (pump at 395 nm and probe at 420 nm) (a) 
interfacial doped, (b) 2nd layer doped and (c) thin ZnS layer 
nanocrystal ..............................................................................................      34 
Figure 4.5 Schematic of exciton relaxation processes in Mn-doped CdS/ZnS 
nanocrystal ..............................................................................................  36 
Figure 4.6 Hole trapping efficiency (     ), exciton-Mn energy transfer time 
(   ), hole trapping time (     ) and hole trapping time due to 
octanethiol (   ) for Mn-doped nanocrystals; interfacial Mn-doped 
( ), 2nd layer Mn-doped ( ) and thin ZnS shell nanocrystal ( ) ...........  38 
 ix 
 
 
Figure 4.7 Effect of octanethiol on Mn-lifetime in Mn-doped nanocrystals (a) 
interfacial doped and (b) 2nd layer doped (intensity normalized to 0M 
octanethiol concentration). ......................................................................  40 
Figure 4.8 Effect of octanethiol on Mn-PL intensity in Mn-doped CdS/ZnS 
nanocrystals (a) interfacial doped and (b) 2nd layer doped ......................  40 
Figure 4.9 Increase in Mn-PL with two different octanethiol concentration for 
different Mn concentration in (a) interfacial doped and (b) 2nd layer 
doped CdS/ZnS .......................................................................................  41 
Figure 4.10 Schematics of octanethiol hole trapping ................................................  43 
Figure 5.1 Typical TEM images of (a) octadecanol and (b) 4-(n-octyloxy)phenol-
passivated Fe3O4 nanocrystals .................................................................  48 
Figure 5.2 (a) Transient Faraday rotation and (b) transient absorption data of 
Fe3O4 nanocrystals passivated with four different surfactants and 
dispersed in 1-octadecene ........................................................................  50 
Figure 5.3 (a), (b) Transient Faraday rotation data of Group A and B 
nanocrystals, respectively. (c), (d) Transient absorption data of Group 
A and B nanocrystals, respectively .........................................................  56 
Figure 5.4 (a) Transient Faraday rotation and (b) transient absorption data of 
Fe3O4 nanocrystals (7 nm) with successive addition of iodopropane 
dispersed in 1-octadecene (pump fluence = 50 mJ/cm2). ........................      58 
Figure A1 Mn-PL spectra for interfacial doped nanocrystal in presence of 
octanethiol which does not show any wavelength dependence of Mn-
PL  in presence of octanethiol .................................................................  73 
Figure A2 TEM image of (a) interfacial and (b) 2nd layer Mn-doped CdS/ZnS ......  73 
Figure A3 Hole trapping rate (ktrap) for interfacial doped ( ), 2nd layer doped 
( ) and thin shell ( ) nanocrystal from bleach recovery measurement  74 
Figure A4 Effect of Different Surfactants on Mn-PL in (a) interfacial (19Mn) and 
(b) 2nd layer (15Mn) doped nanocrystals .................................................  74 
 
 x 
 
 
LIST OF TABLES 
 Page 
 
Table 2.1 Exciton Bohr radii of semiconducting nanocrystals ...............................  5 
Table 3.1 Comparison of the relative static Faraday rotation (θr) of Fe3O4 
nanocrystals with different surfactants (diameter = 5.3 nm) with 
respect to the oleic acid-passivated nanocrystals. The uncertainty of θr 
is <5 %. ....................................................................................................  23 
Table 4.1 Mn concentration (<Mn>), Mn-PL quantum yield (ФMn ), Mn-lifetime 
(τMn), Mn-radiative quantum yield (φMn, calculated from equation 4.7) 
and ratio of Mn-lifetime to Mn-radiative lifetime (assuming Mn-
radiative lifetime is 6.3 ms)  in Mn-doped CdS/ZnS nanocrystals .........  30 
Table A1 Fitting parameters for interfacial Mn-doped CdS/ZnS ...........................  75
 1 
 
 
CHAPTER I 
INTRODUCTION 
 
Semiconductor nanocrystals have interesting opto-electronic properties quite 
different from the bulk counterpart.1-4 For instance, due to confinement of the charge 
carriers semiconductor nanocrystals possess quantized energy levels in contrary to the 
bulk. Excitation within the nanocrystals creates electron-hole pair or exciton. 
Confinement of charge carriers (excitons) leads to quantization of energy levels that 
gives rise to size dependent optical spectra and adds new mechanisms to charge carrier 
(electron or hole) relaxations.5-8 These new opto-electronic properties have found 
application in solar cells, opto-electronic devices and bio-imaging.9-14 Not only the size, 
the shape and the composition of the nanocrystals can also modify the opto-electonic 
properties.15 Extensive research is going on to control size, shape and composition of 
nanocrystals for harvesting these properties and also to find out the underlying 
mechanisms of charge carrier dynamics form spectroscopic point of view. 4,16-19 
Transition metal doped semiconducting nanocrystals are new type of materials 
where transition metal ion (Mn, Cu etc.) is doped in the nanocrystal lattice as an 
impurity.20-24 Doping modifies charge carrier dynamics due to exciton-dopant coupling 
and introduces new opto-electronic properties that have potential applications in light 
emitting devices, biological imaging and spintronics.20,23,25-31 As an example, in Mn-
doped nanocrystals the exciton emission is quenched by fast energy transfer to Mn 
which leads to red shifted emission resulting from spin-forbidden d-d transition in 
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Mn.23,27,32 Due to fast exciton to Mn energy transfer and slow relaxation of Mn, in Mn-
doped nanocrystals Mn has been used as an energy reservoir.33 
As stated earlier, the size, shape and composition are some of the important 
parameters that govern nanocrystal properties.15 Also, for nanocrystals due to high 
surface to volume ratio the surface atoms play an important role in determining exciton 
relaxation dynamics.34-36 Defect states arising due to unbalanced valence of the surface 
atoms lead to trapping of the charge carriers and add new pathways for exciton 
relaxation. The surface bound surfactants which are necessary to passivate nanocrystals 
to make them stable in solution preventing aggregation play an important role by 
removing the surface defects (or traps) through co-ordinating with the surface atoms. 
Also, the surfactants can introduce new surface traps depending on the nature of the 
surfactants. For semiconducting nanocrystals trapping of the charge carriers are the 
major process reducing quantum yield. There are both electron trapping and hole 
trapping surfactants which modifies the exciton dynamics in different ways.37 Thus 
surfactants have a great influence on the exciton dynamics and emission properties of 
semiconducting nanocrystals.  
Apart from affecting the exciton dynamics in semiconductor nanocrystals, the 
magnetic behavior of the magnetic nanocrystals is also greatly influenced by the surface 
environment especially by the surface binding surfactants.38-44 Magnetic properties such 
as coercitivity and static magnetization of nanocrystals are influenced by surfactants.44 
Also, certain surface passivating surfactants are found to improve magnetization on the 
surface through strong binding with the surface magnetic atoms.41 
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Therefore, surfactants play a vital role in controlling charge carrier dynamics and 
magnetic properties both in semiconductor nanocrystals and magnetic nanocrystals.   
However, the role of the surfactants on the exciton dynamics is not well understood in 
doped semiconductor nanocrystals, although it can be envisaged that surfactants will 
have an important role controlling the dopant emission and exciton dynamics. Also, in 
magnetic nanocrystals surfactant dependent spin relaxation is not elucidated in great 
detail. This thesis focuses on the role of surface environment on energy relaxation 
dynamics of two different nanocrystals. We have investigated the role of surfactants on 
exciton dynamics and Mn-luminescence in Mn-doped CdS/ZnS core/shell nanocrystals.  
On the other hand, we have studied effect of solvent and surfactant on the spin relaxation 
dynamics of Fe3O4 nanocrystals.  
Pump-probe transient absorption measurement is used to examine the exciton 
dynamics in Mn-doped CdS/ZnS nanocrystals. Transient absorption is a well-known 
technique to resolve charge carrier dynamics occurring in ultrafast time scale in 
semiconducting nanocrystals.5,8,35,37,45-51 Recently, we have used this technique to 
explore exciton to Mn energy transfer dynamics in Mn doped CdS/ZnS nanocrystals.32,52 
Now, we have extended the technique to investigate surfactant dependence of exciton 
dynamics and Mn-emission in these nanocrystals. On the other hand, pump-probe 
Faraday rotation technique is used to find out the role of surfactants and solvents on 
spin-relaxation dynamics in super-paramagnetic iron oxide nanocrystals. Earlier, this 
technique was used in our group to study size and composition dependent spin-
relaxation dynamics in iron oxide and cobalt ferrite nanocrystals which revealed 
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important of surface atoms on the relaxation dynamics.53,54 Therefore, it was interesting 
to show how the surfactant and solvents affect the spin relaxation dynamics.  
The dissertation is organized as follows. Chapter II summarizes all the necessary 
literatures. All the experimental procedures including synthesis, characterization of the 
nanocrystals, steady state and time resolved measurements are discussed in chapter III. 
Chapter IV discusses the effect of hole trapping surfactant octanethiol on the exciton 
dynamics of Mn-doped CdS/ZnS nanocrystals. Chapter V is about the effect of solvent 
and surfactant on the spin relaxation dynamics of Fe3O4 nanocrystals. Finally, chapter VI 
discusses about future aspects of the current study.   
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CHAPTER II 
BRIEF DISCUSSION ABOUT RELEVANT LITERATURE 
 
2.1 Energy Relaxation Dynamics in Semiconducting Nanocrystals 
2.1.1 Electronic Structure of Semiconducting Nanocrystals 
 
 Bulk Semiconductors are comprised of valence band and conduction band 
separated by band-gap energy. The valence band is filled with electrons while the 
conduction band is empty. The minimum energy required to excite an electron from 
valence band to conduction band is the band-gap. Excitation of an electron to the 
conduction band produces an electron-hole pair, known as the exciton. The electron and 
hole act as the charge carriers in the semiconductors. The separation distance between 
the electron and the hole is known as the Bohr radius. Table 2.1 lists Bohr radius for 
some of the well-known nanocrystals which are mostly in the nm length scale.55  
Semiconductor Exciton Bohr radius (nm) 
CdSe 6 
InAs 36 
CuCl 0.7 
 
Table 2.1 Exciton Bohr radii of semiconducting nanocrystals. 
The valence and conduction band are continuous in the bulk semiconductors. 
This situation changes dramatically when the size of the semiconductor narrows down to 
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the Bohr radius. In this nanometer size domain the semiconducting nanocrystals, also 
known as quantum dots start to show quantum effects. The charge carriers become 
confined in in all three directions (3D confinement) compared to the bulk, which results 
in discretizes the valence and conduction bands. The band-gap energy becomes size and 
shape dependent and below the Bohr radius, the band-gap energy increases than the 
bulk. Thus the absorption and emission spectra of the semiconducting nanocrystals 
become size and shape dependent. Figure 1 in reference 48 shows the absorption (black 
line) and emission spectra (grey line) along with the valence and conduction band energy 
diagram of spherical CdSe quantum dots. The discrete transitions in the absorption 
spectra with 1S3/2 – 1Se is the band-edge transition.
48 Immediately after excitation (<1ps) 
the charge carriers relax to the band-edge and recombines to give exciton emission.  
2.1.2 Exciton Dynamics in Semiconducting Nanocrystals  
 
 In bulk semiconductor, the photo-excited hot electron in the conduction band 
relaxes to the band-edge by providing the excess energy to lattice phonons. As the 
conduction band is continuous, the electron does not suffer from any energy mismatch 
with the phonon. However, in the nanocrystal due to discretization of the conduction 
band, the electron cannot give away any amount of energy. Also, the energy separation 
between the conduction band states (~ fraction of eV) is much larger than the typical 
phonon energy (~0.02eV). Therefore, the electronic relaxation from one level to the 
other requires ~10 phonons at a time which is an improbable process. This gives rise to 
“phonon bottleneck” which means the electron relaxation in nanocrystals should be 
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much slower than the bulk.15,56 However, experiments have revealed very fast (~ps) 
energy relaxation of electrons in the nanocrystals, which involves different mechanisms. 
Hole energy levels in the valence band; on the other hand, has small energy spacing and 
thus the hole can relax through phonons. The fast intraband relaxation of electrons is 
proposed through an Auger type mechanism, where the excited electron gives its energy 
to the hole through electron-hole coupling and the hole then relaxes through phonons. 
Another important aspect of nanocrystals is the high surface to volume ratio. For small 
nanocrystals most of the atoms are on the surface and the surface atoms suffer from lack 
of co-ordination. Surface imperfections or defects lead to new relaxation mechanism for 
the charge carriers by introducing trapping of the charge carriers.15,57  
 The charge carrier relaxation processes are generally in the ultrafast time scale 
and pump-probe transient absorption is a widely used technique to elucidate ultrafast 
relaxation processes. In this method a pump beam is used to create exciton in the 
nanocrystals and the population of the excitonic state is probed with a probe beam as a 
function of pump-probe delay time. By recording change in absorption with and without 
the pump beam with delay time (ΔOD (t) = ODpump on – ODpump off) one monitors the 
dynamics of the charge carriers probed. In typical pump-probe experiments one either 
probes at the band-edge, the near-IR and IR regions. Probing at the band-edge provides 
relaxation dynamics of the electron at the band-edge, which is known as bleach recovery 
dynamics. 7,36,57-60 When probed at near-IR, mixed dynamics having contributions from 
both the electron and hole is observed where intraband transition of charge carriers is 
monitored. Transient absorption measurements have provided valuable information 
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about charge carrier relaxation. Intraband relaxation of excited electron takes place in 
sub-ps to ps timescale whereas electron trapping time is about hundreds of ps. For, hole 
trapping the typical time is about few ps. Transient absorption measurements have also 
been utilized to find out effect of different surfactants and trapping agents and dopants 
on the exciton dynamics. For instance, effect of electron and hole trapping ligands on 
exciton dynamics has been reported by many groups.37,61 Also, exciton-Mn energy 
transfer time is precisely determined in Mn-doped CdS/ZnS core/shell nanocrystals 
using transient absorption measurements.32 These will be discussed in more details in the 
subsequent sections.   
2.2 Effect of Surfactant on Exciton Dynamics 
 
 Surface passivating surfactants are integral part of nanocrystal structure. They 
provide stability to the nanocrystals by preventing aggregation. During synthesis, 
surfactants control the nucleation and growth kinetics of the nanocrystals. Also, in the 
nanocrystals they remove the surface defects by binding with the surface atoms. 
Importantly, surfactants can also create new trap sites which can add complexity in the 
exciton dynamics.34,62 Some of the commonly used surfactants are phosphine oxides (tri-
n-octyl phosphine oxide, TOPO), phosphines (Trioctylphosphine, TOP), amines (oleyl 
amine), carboxylic acids (oleic acid) and thiols (mercapto propionic acid, octanethiol). 
The effect of surfactants on exciton dynamics is well documented and is discussed in 
chapter 4.  
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2.3 Mn-Doped Nanocrystals: Exciton-Mn Energy Transfer Dynamics 
 
As discussed in the introduction, the exciton-Mn energy transfer excites Mn and 
leads to the spin-forbidden 4T1     6A1 transition in Mn which leads to Mn-emission. 
Wavefunction overlap between exciton and Mn determines the energy transfer rate 
between the exciton and Mn.20 The stronger the overlap the faster is the relaxation. In 
undoped nanocrystals the exciton recombines in the order of ns to have exciton 
photoluminescence (PL). Except for the exciton recombination, many other competing 
processes like electron or hole trapping are feasible. Incomplete coordination on the 
surface is the major source of surface defects which leads to trapping. In Mn-doped 
nanocrystals exciton-Mn energy transfer opens up another channel for exciton 
relaxation. The energy transfer excites the Mn d-d transition and the Mn relaxes through 
4T1      
6A1 spin-forbidden transition. The advantage of Mn-emission compared to 
exciton emission is that Mn-emission is environment insensitive and less prone to get 
affected by surface defects.63   
Whether the mechanism of exciton-Mn energy transfer is Förster or Dexter type 
is still uncertain. A dipole mediated Förster type mechanism has been proposed by Yang 
et. al.64 However, it is based on some assumptions and need more justifications. 
Irrespective of the exact mechanism, the energy transfer rate depends on the exciton-Mn 
wavefunction overlap which can be tuned by changing the position of Mn in a core/shell 
nanocrystal structure.32,64   
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2.4 Photo-induced Demagnetization and Magnetization Recovery in Fe3O4 
Nanocrystals  
Magnetization recovery in photo-excited Fe3O4 nanocrystals occurs through flow 
of energy and momentum from spins to the lattice degrees of freedom. This spin-lattice 
relaxation was monitored using pump-probe Faraday rotation technique. When plane 
polarized light passes through a magnetic media, the plane of polarization gets rotated, 
known as Faraday effect. The degree of rotation is proportional to the magnetization in 
the sample. Monitoring the change in Faraday rotation angle, change in magnetization 
can be measured in real time. The Faraday rotation technique along with details of 
magnetism and magnetization dynamics is discussed elsewhere.65,66 
The Fe3O4 nanocrystals were photo-excited with a 780 nm pump pulse exciting 
the intervalance charge transfer transition between Fe3+ and Fe2+ ions. This leads to 
instantaneous demagnetization in the nanocrystals as evident from decrease in Faraday 
rotation. The magnetization recovered in two distinct time scales. Although the origin of 
fast (~ 10ps) recovery component is not very clear, the slower recovery component, 
having ~102 ps timescale was assigned to spin-lattice relaxation.7 The spin-lattice 
relaxation rate can be altered by changing either spin-orbit coupling (and) or vibronic 
coupling. Due to the lack of ligand co-ordination, the surface Fe atoms experience 
weaker ligand field compared to the interior which result in stronger spin-orbit coupling 
on the surface of the nanocrystals. Therefore, the surface spin-orbit coupling which has a 
larger contribution in smaller nanocrystals (as the surface to volume ratio strongly 
increases with decreasing size) results in faster recovery of magnetism in smaller 
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nanocrystals. Another way to modify the surface composition and surface ligand field is 
to modify the surfactant and solvent environment around the nanocrystals. The 
surfactant molecules bound to the nanocrystals surface Fe atoms can play important role 
by providing different degree of co-ordination at the surface. Salafranca et. al. have 
shown that oleic acid on Fe3O4 surface can provide bulk like environment by 
coordinating through carboxylate group and restore the magnetism on the surface. 
Furthermore, Vestal et. al. have shown changing the crystal field on the surface through 
changing the surfactants leads to change in coercivity in MnFe2O4 nanocrystals. The 
solvent molecules, if they are close enough to the surface can also induce the same 
change as the surface passivating surfactants. Therefore, we were interested in studying 
the effect of surrounding surfactant and solvent media on spin-lattice relaxation 
dynamics of photoexcited Fe3O4 nanocrystals. 
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CHAPTER III 
EXPERIMENTAL PROCEDURES* 
 
3.1 Synthesis and Characterization of Nanocrystals  
3.1.1 Synthesis of Mn-doped CdS/ZnS Nanocrystals 
 
 Mn-doped CdS/ZnS nanocrystals were synthesized using doping and layer by 
layer coating methods which are depicted in figure 3.1 for doping in interface between 
CdS and ZnS.32,67 Initially, CdS core was synthesized using a previously reported 
method.17 In brief, 0.2 M Cd solution was prepared by dissolving 0.126 gm cadmium 
oxide in a mixture of 12 mL1-octadecene (ODE) and 2.02 gm oleic acid at 250°C under 
nitrogen atmosphere.  
 
 
 
 
Figure 3.1 Schematic of Mn-doping and layer by layer ZnS coating to synthesize 
interfacial Mn-doped CdS/ZnS.  
*
 Reprinted in part with permission from Maiti, Sourav; Chen, Hsiang-Yun; Chen, Tai-
Yen; Hsia, Chih-Hao; Son, Dong Hee. Effect of Surfactant and Solvent on Spin–Lattice 
Relaxation Dynamics of Magnetic Nanocrystals. J. Phys. Chem. B 2012, 117 (16), 4399-
4405. Copyright 2012 by the American Chemical Society. 
 
CdS 
core 
Mn-doping at  
Interface 
 
ZnS 
coating 
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Into this hot solution 0.2 M sulfur in solution was injected. Immediately after 
injection the temperature was brought down to 240°C. The CdS nanocrytals started to 
grow and the size of the nanocrytals was monitored using UV-Vis absorption spectra. 
When the absorption of the nanocrystals reached 425 nm (core diameter 3.6 nm) the 
reaction mixture was cooled down to room temperature. The nanocrystals were 
precipitated with acetone and dissolved in toluene. The nanocrystals were precipitated 
twice from toluene with methanol to remove excess starting materials and surfactants. 
For Mn-doped nanocrystals two different doping locations were chosen in this 
study. To synthesize interfacial Mn-doped CdS/ZnS nanocrystals Mn was doped at the 
CdS surface. Manganese diethyldithiocarbamate was dissolved in oleyl amine (OAm) 
and was added to CdS nanocrystal solution in ODE at 220 °C. The mixture was heated 
for 20 minutes and then cooled to room temperature. The nanocrystals were precipitated 
with acetone. Excess reactants and surfactants were removed by dissolving the 
nanocrystals in toluene and precipitating with methanol, same as the CdS nanocrystals. 
On the top of these Mn-doped CdS nanocrystals ZnS shell was grown. For interfacial 
Mn-doped nanocrystals six layers of ZnS shell (each layer is 0.6 nm) were grown by 
heating the nanocrystal solution in ODE and OAm to 220°C and then adding sulfur 
solution (in ODE) and zinc stearate solution (in ODE and octylamine) alternatively with 
a 10 minutes interval between subsequent additions. At the last layer of ZnS, excess zinc 
stearate was added to make the surface Cd rich which ensures high quantum yield of the 
nanocrystals. Second layer Mn-doped nanocrystals were also synthesized where two 
layers of ZnS were coated and then Mn was doped followed by coating four more layers 
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of ZnS. Two layers of ZnS were coated in the CdS core as discussed. Mn was doped at 
the second layer by adding OAm solution of manganese acetate to CdS/ZnS nanocrytals 
in ODE and OAm at 260°C. After 20 minutes the mixture was cooled and cleaned as 
CdS nanocrytals. Then, four layers of ZnS were added and nanocrystals were cleaned as 
described for the interfacial doped nanocrystals.  
3.1.2 Synthesis of Iron Oxide (Fe3O4) Nanocrystals and Surfactant Exchange   
 
Spherical Fe3O4 nanocrystals (diameter = 5.3-7.5 nm) were prepared following 
the procedure reported earlier.
68
 The surface of the nanocrystals was passivated with 
several different surfactants having different head and tail groups to lender solubility in 
various polar and nonpolar solvents and imposes varying degree of ligand field on the 
nanocrystal surface. Initially, Fe3O4 nanocrystals were synthesized and then separate 
surfactant exchange reactions were performed to change the surfactants on the 
nanocrystal surface. In brief, Fe3O4 nanocrystals were synthesized by heating iron (III) 
acetylacetonate with a mixture of oleic acid, oleylamine and 1,2-dodecandiol using 
benzyl ether as the solvent under nitrogen atmosphere. Different particle size was 
achieved by varying the reaction temperature and reaction time. The resulting 
nanocrystals were precipitated with ethanol and redispersed in hexane multiple times to 
remove the excess surfactant.  
Fe3O4 nanocrystals that are dispersed in polar solvents were prepared by the 
surfactant exchange process. The initially prepared Fe3O4 nanocrystals (7.5 nm) were 
dissolved in hexane (8.5 M, 20 mL). The solution (4 mL) was mixed with hexane (10 
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mL), toluene (10 mL), methanol (10 mL) and water (2 mL) to form a bi-phasic mixture. 
0.4 mL of 0.06 M methanolic solution of tetramethylammonium hydroxide (TMAH) was 
further added to the mixture to initiate the phase transfer. Upon gentle agitation in a 
separating funnel, the nanocrystals transferred from nonpolar to polar phase as a result of 
the surfactant exchange. Methanol was evaporated under nitrogen flow from the 
recovered polar phase and the TMAH-passivated Fe3O4 nanocrystals were precipitated 
with acetone to remove the access TMAH. The precipitated Fe3O4 nanocrystals were 
dried with nitrogen before dispersing in the required polar solvents. In order to prevent 
the partial oxidation of the nanocrystal to Fe2O3 phase during the process of surfactant 
exchange and rinsing, the exposure of the nanocrystals to atmospheric oxygen was 
minimized. TMAH-passivated Fe3O4 nanocrystals were used to prepare the nanocrystals 
passivated with different non-polar surfactant molecules. For instance, to prepare the 
nanocrystals passivated with oleic acid functionalized surfactants, excess amount of 
oleic acid in hexane was mixed with the TMAH-passivated nanocrystals dispersed in 
methanol. The exchange of surfactant from TMAH to oleic acid results in the transfer of 
the nanocrystals from polar phase back to non-polar phase. After the completion of the 
phase transfer, the nanocrystals in hexane were precipitated and rinsed with ethanol to 
remove the excess surfactant. During the surfactant exchange process, potential partial 
oxidation of the surface was checked by measuring the absorption at near infrared that 
correlated with the degree of oxidation. When partial oxidation occurs on the surface, 
gentle heating of the nanocrystal solution in octadecene at 200 °C under nitrogen 
atmosphere with small amount of oleic acid restored Fe3O4 back to the initial state.  
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    The nanocrystals with long chain alcohol surfactants were also prepared from 
TMAH-passivated nanocrystals in a similar method. Excess 4-(n-octyloxy)phenol (or 
octadecanol) was added to a methanolic dispersion of TMAH-passivated nanocrystals. 
The methanol was removed under vacuum and the iron oxide nanocrystals in the 
solution were reduced at 200°C under nitrogen atmosphere for an hour. The alcohol-
passivated nanocrystals were dissolved in hexane and precipitated with ethanol to 
remove the excess surfactant. The nanocrystals having different non-polar surfactants 
were dispersed in 1-octadecene to measure the transient Faraday rotation and transient 
absorption. The structure of the four surfactants used is shown in figure 3.2. 
 
 
 
 
 
 
Figure 3.2 Structure of the surfactants used to elucidate the effect of varying surfactant 
on magnetization dynamics of Fe3O4.  
 
The size and shape of the nanocrystals were confirmed with transmission 
electron micrograph (TEM). The TEM of 7.5 nm nanocrytals is shown in Figure 3.3 (a).  
 
 
Oleic acid 
4-(n-octyloxy benzoic acid) 4-(n-octyloxy phenol) 
Octadecanol 
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Figure 3.3 (a) TEM image of 7.5 nm Fe3O4 nanocrystals. UV-Vis absorption spectra of 
Fe3O4 nanocrystals (b) before and after TMAH-exchange dispersed in cyclohexane and 
water, respectively (diameter = 7.5 nm), (c) with different surfactants in 1-octadecene 
after further surfactant exchange from TMAH-passivated nanocrystals (diameter = 5.3 
nm). 
Figure 3.3 (b) shows the UV-Vis absorption spectra of Fe3O4 nanocrystals 
dispersed in cyclohexane before surfactant exchange and TMAH-passivated 
nanocrystals dispersed in water. The two spectra are very close even in the regions 
longer than 600 nm that is sensitive to the partial oxidation. In 3.3 (c), the UV-Vis 
absorption spectra of the nanocrystals having different surfactants prepared from the 
TMAH-passivated nanocrystals and dispersed in 1-octadecene are shown. Similarity of 
the UV-Vis spectra longer than 600 nm indicates that the nanocrystals used in this study 
have the nearly identical degree of oxidation. Also, figure 3.4 compares the TEM image 
before and after TMAH exchange to show the similar nanocrystal size and absence of 
aggregation during the exchange.  
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Figure 3.4 Typical TEM images of (a) as synthesized and (b) TMAH-passivated Fe3O4 
nanocrystals. 
3.2 Experimental Techniques 
3.2.1 Transient Absorption Measurement on Mn-doped CdS/ZnS Nanocrystals 
 
For the pump-probe transient absorption the nanocrytals were excited at 395 nm 
pulse (pulse width 100fs) with a repetition rate of 3 KHz generated from the frequency 
doubling of 780 nm pump in β-barium borate crystal. The 780 nm laser pulse was from a 
Ti:sapphire laser which was excited through a Nd:YVO4 laser and amplified using a 
Nd:YLF laser. The nanocrystals were probed at the band-edge at 420 nm. The probe 
beam was selected from a white light continuum generated on a 1 mm thick CaF2 crystal 
by the 780 nm laser. The CaF2 crystal was moved continuously to prevent the crystal 
damage. The nanocrystal samples were dissolved in spectroscopic grade toluene 
(concentration 6.4 µM) and circulated through a 1 mm thick cuvette with a flow rate of 1 
m/s. As the Mn lifetime is ms, the flow rate was fast enough so that each pulse excites 
fresh Mn-doped nanocrystals in the cuvette. The pump beam size was 300 µM and probe 
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beam size was 30 µM. The pump beam intensity was low enough not to have more than 
1 exciton in the nanocrystals to avoid complications arising from biexcitonic effects. A 
sketch of the optical setup is shown in figure 3.5. 
 
Figure 3.5 Schematic of transient absorption measurement and relevant equations.  
 
 
𝑂𝐷 = log(
𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝐼𝑠𝑎𝑚𝑝𝑙𝑒
) 
∆𝑂𝐷 = 𝑂𝐷𝑝𝑢𝑚𝑝 𝑜𝑛-𝑂𝐷𝑝𝑢𝑚𝑝 𝑜𝑓𝑓 
= log  
𝐼𝑟𝑒𝑓𝑟𝑒𝑛𝑐𝑒
𝑝𝑢𝑚𝑝 𝑜𝑛
𝐼𝑠𝑎𝑚𝑝𝑙𝑒
𝑝𝑢𝑚𝑝 𝑜𝑛 + log(
𝐼𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒
𝑝𝑢𝑚𝑝 𝑜𝑓𝑓
𝐼𝑠𝑎𝑚𝑝𝑙𝑒
𝑝𝑢𝑚𝑝 𝑜𝑓𝑓) 
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3.2.2 Determination of Mn-Quantum Yield and Mn-Lifetime of Mn-doped 
CdS/ZnS 
 
The Mn-quantum yield was determined using previously reported procedure.32 
The quantum yield measurements have about 5% error. To determine the effect of 
octanethiol on the Mn-photoluminescence, required amount of octanethiol was added to 
a solution of nanocrystals in toluene (~0.4 µM). After addition of octanethiol, about 30 
min was waited to allow the thiol to mix properly. Nanocrystals were excited at 405 nm 
with a cw laser and the spectra were detected with an ocean optics spectrometer 
(QE65Pro). 
To measure the Mn-lifetime in Mn-doped CdS/ZnS nanocrystals the nanocrystals 
dispersed in toluene were excited with a nitrogen laser (pulse width <3ns) at 337 nm. 
The Mn-emission was collected in photomultiplier tube and recorded in a digital 
oscilloscope. From bi-exponential fitting of the time dependent Mn-emission intensity, 
the average Mn-lifetime was calculated through equation 3.1, where a1 and a2 are the 
pre-exponential factors and t1 and t2 are the time constants.  
                                     =
    
      
 
     
                                                                      (3.1)  
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3.2.3 Transient Faraday Rotation and Transient Absorption Measurements for 
Fe3O4 nanocrystals 
 
In order to measure the spin-lattice relaxation rate, pump-probe transient Faraday 
rotation was employed to record the time-dependent magnetization, M(t), following the 
optically-induced partial demagnetization. The details of the measurements are described 
elsewhere.
53,54
 Briefly, 780 nm pump pulse (50 fs pulse width) from an amplified 
titanium-sapphire laser excited intervalence charge transfer transition in the iron oxide 
nanocrystals, which rapidly induces the demagnetization. The recovery of the 
magnetization via spin-lattice relaxation was monitored with 635 nm probe pulse derived 
from white light continuum generated in a sapphire crystal. The time-dependent 
magnetization of the nanocrystal sample was measured in Faraday geometry with a pair 
of permanent magnet applying 0.35 T (H) of magnetic field at the sample location. The 
polarization direction of the incident probe beam was defined by a Glan polarizer placed 
in front of sample. The probe beam passing through the sample was split into two 
orthogonal polarization components using a Wollaston prism set at 45° angles with 
respect to the polarization direction of the probe beam. A pair of balanced photodiodes 
measured the difference in intensities between the two orthogonal components of the 
polarized light, which is proportional to Faraday rotation angle θ(t). The fractional 
change in Faraday rotation between with and without pump, Δθ(t)/θ0, represents the 
fractional changes in magnetization ΔM(t)/M0, where θ0 and M0 are the Faraday rotation 
and magnetization without pump, respectively. To remove the non-magnetic 
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contribution to Δθ(t)/θ0 signal, the difference between the two sets of data taken with 
parallel and antiparallel magnetic field to the probe beam direction was used to measure 
Δθ(t)/θ0. The values of θ0 for the samples of given nanocrystal concentration were 
determined from the slope of the Faraday rotation vs. nanocrystal concentration 
measured using a separate setup as described in the earlier report.
69
 The relative values 
of θ0 of different Fe3O4 nanocrystal samples with respect to the oleic acid-passivated 
nanocrystal dispersed in cyclohexane are summarized in Table 3.1. In order to avoid the 
potential complication from the lattice heating by the pump, all the measurements were 
made at low excitation intensity ranges that does not affect the dynamics of Δθ(t)/θ0.
70
 In 
figure 3.6 the optical setup is shown. 
 
 
 
Figure 3.6 Schematic of transient Faraday rotation measurement. 
 
∆𝑆 =
 𝑆(𝑝𝑢𝑚𝑝 𝑜𝑛) − 𝑆(𝑝𝑢𝑚𝑝 𝑜𝑓𝑓) 
𝑅
 
𝑆0 =
 𝑆(𝑝𝑢𝑚𝑝 𝑜𝑓𝑓) 
𝑅
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𝑅
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Transient absorption of the nanocrystal samples were measured simultaneously at 
the same pump (780 nm) and probe (635 nm) wavelengths for the transient Faraday 
rotation. The optical setup is same as shown in figure 3.5 without the BBO crystal as 780 
pump beam was used. The comparison of the transient absorption with and without the 
external magnetic field indicated that transient absorption is completely insensitive to the 
external magnetic field applied in this study. For all the comparisons, same pump 
fluence and sample concentrations were used to create the same level of excitation in the 
nanocrystals. The concentration of the nanocrystal samples was kept at ~10 μM for 5.3 
nm nanocrystals and ~3 μM for 7.5 nm nanocrystals to avoid interparticle dipolar 
interaction that can change the dynamics.
71
 For both transient Faraday rotation and 
transient absorption measurements, the sample solutions of nanocrystals were constantly 
circulated through a flat jet nozzle to avoid any spurious thermal effect from the repeated 
excitation of the same sample area. 
 
Surfactant θr   
oleic acid 1.0 
4-(octyloxy)benzoic 
acid 
 
 
1.0 
4-(n-octyloxy)phenol 0.69 
octadecanol 0.69 
 
Table 3.1 Comparison of the relative static Faraday rotation (θr) of Fe3O4 nanocrystals 
with different surfactants (diameter = 5.3 nm) with respect to the oleic acid-passivated 
nanocrystals. The uncertainty of θr is <5 %.  
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CHAPTER IV 
EFFECT OF OCTANETHIOL ON ENERGY TRANSFER DYNAMICS IN Mn-
DOPED CdS/ZnS CORE/SHELL NANOCRYSTALS 
 
4.1 Introduction 
 
Semiconducting nanocrystals doped with transition metal ions have attracted 
tremendous attention in recent years due to important optical and magnetic properties 
that arise due to dopant-exciton interaction.20-23,72,73 In this context, Mn ions doped in II-
VI semiconducting host have been widely studied due to interesting properties 
applicable in luminescence studies and spintronics. Mn-doped nanocrystals exhibit high 
Mn-emission quantum yield due to fast exciton-Mn energy transfer which competes with 
other non-radiative processes.20,73,74 Energy transfer is possible only when Mn excited 
states reside within the bandgap of the semiconducting host. The energy transfer rate 
depends on the exciton-Mn wavefunction overlap.20 Here, we have explored the effect of 
hole trapping surfactant, octanethiol on the exciton-Mn energy transfer dynamics in Mn-
doped CdS/ZnS nanocrystals through transient absorption measurements. Our findings 
reveal that although octanethiol traps more hole, addition of octanethiol increases Mn-
luminescence quantum yield due to energy transfer from thiol traps to Mn.  
As discussed earlier surfactants play an important role in determining exciton 
dynamics in semiconducting nanocrystals. The role of surface ligands on excitonic 
photoluminescence and exciton relaxation dynamics is well-documented for 
semiconducting nanocrystals. Surfactants are known to change the excitonic transition 
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energy and extinction coefficient, emission intensity and lifetime of the exciton.75-77 
Also, some organic surfactants are known to couple strongly with the exciton to change 
quantum confinement effects in the nanocrystal.78,79 Depending on the energetics of the 
surfactant and exciton, a surfactant can either be electron traps or hole traps. Thiols are 
one of the well-known hole-trapping surfactants which can change the exciton 
luminescence intensity and wavelength.75,78 They are also one of the important surface 
passivating ligands as thiol passivation makes the nanocrystals to be water soluble, 
which is important in the case of biological applications.80 However, for thiols to act as 
hole quenchers the acceptor orbital of thiols (highest occupied molecular orbital, 
HOMO) should be higher in energy than the valence band-edge of the nanocrystal. 
Therefore, thiols are excellent hole trapping ligands for CdS or CdSe nanocrystals where 
the HOMO of thiols remain higher in energy than the valance band of the nanocrystal to 
accept the hole. Thiols trap the hole preventing exciton recombination and consequently 
decreasing the exciton emission intensity. Therefore, hole trapping thiols decrease 
exciton emission intensity in CdSe or CdS nanocrystals even in the core/shell structures 
such as CdSe/ZnS.75,81-86 Thiols generally bind as thiolates on the nanocrystal surface.87 
Therefore, thiol exchange with proper thiol concentration and using mild basic 
conditions can retain the exciton quantum yield to produce highly luminescent water 
soluble CdSe/ZnS core/shell nanocrystals.87,88 However, in the case of CdTe 
nanocrystals where thiols have energetically unfavorable HOMO, thiols cannot quench 
the exciton emission. In CdTe nanocrystals thiols tend to increase the exciton emission 
through better surface passivation.75,89,90 Jeong et. al. reported at low concentration of β-
 26 
 
 
mercaptoethanol enhances the photoluminescence of polymer coated CdSe/ZnS 
nanocrystals whereas high concentration of thiol quench it. Thiolate was identified as the 
effective species responsible for the effects. At low concentration, thiol passivates 
electron traps enhancing photoluminescence whereas at high concentrations it introduces 
new hole traps to decrease the exciton photoluminescence.91 Moreover, the effect of 
thiol on exciton relaxation dynamics was investigated using transient absorption 
measurements. Hole trapping timescale generally is in the order of few ps for CdSe 
nanocrystals as reported by Burda et.al. using 4-aminothiophenol and McArthur et. al. 
using octanethiol as the hole quenchers.37,61  
In Mn-doped nanocrytals the exciton emission is quenched through fast exciton-
Mn energy transfer. Interestingly, it is reported that in Mn-doped ZnSe nanocrystals 
thiols can increase the Mn-emission intensity in contrary to undoped nanocrystals.80 This 
was qualitatively explained through the competition between exciton-Mn energy transfer 
and hole trapping. In doped quantum dots the hole trapping has to compete with the 
exciton-Mn energy transfer process. For thin ZnSe shell hole trapping was faster than 
energy transfer which quenches the Mn-emission. For thicker ZnSe shell, the hole gets 
spatially separated from the surface decreasing the hole trapping rate. Therefore, the 
extent of exciton-Mn energy transfer increases which increases Mn-emission. Although, 
the observation was interesting and was explained in qualitative grounds no detailed 
information about the completion between the hole trapping and exciton-Mn energy 
transfer was obtained quantitatively. Increase in photoluminescence is also observed for 
Mn-doped ZnS nanocrystals although the explanation of decrease in hole transfer 
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efficiency with thiols is highly ambiguous.92 Recently, Sarkar et.al. have reported that 
using thiols the dopant-luminescence can be retrieved with higher emission intensity 
from old nanocrystals for Cu and Mn-doped ZnSe. Thiols are believed to prevent surface 
oxidation and act as a reducing agent.93 However, these explanations are also very 
qualitative.   
Our group has recently studied exciton dynamics in Mn-doped CdS/ZnS 
core/shell nanocrystals where the exciton-Mn energy transfer rate was accurately 
obtained for different location and concentration of Mn through transient absorption 
measurements.32,52 It was found that due to increased exciton-Mn wavefunction overlap 
energy transfer rate increases when Mn is doped closer to the interface with highest 
energy transfer rate for interfacial doped nanocrystals. Also, hole trapping was found to 
be the major competing process in the nanocrystals which prevents energy transfer and 
decreases Mn-emission. The branching ratio between hole trapping and energy transfer 
was obtained from transient absorption measurements and was successfully correlated 
with Mn-emission intensity and lifetime.32 Knowing all the detailed information about 
intrinsic hole trapping rate and energy transfer rate, we extended our study to observe the 
effect of a hole trapping ligand, octanethiol on Mn-emision and exciton dynamics 
through steady state and time resolved measurements.  
In this study, the effect of a hole trapping ligand octanethiol on the exciton-Mn 
energy transfer dynamics and Mn emission was investigated in Mn-doped CdS/ZnS 
nanocrystals. Undoped CdS/ZnS nanocrystal was also, synthesized as a reference. The 
exciton emission in undoped nanocrystals gets almost completely quenched in the 
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presence of octanethiol. The effect of octanethiol on the Mn-luminescence was quite 
interesting. The luminescence tends to increase for Mn-doped nanocrystals in contrast to 
undoped nanocrystals and the extent of increase depends on the Mn concentration in the 
nanocrystal. Transient absorption measurements revealed that octanethiol leads to hole 
quenching which should decrease the extent of energy transfer and Mn-emission 
intensity. This was explained though energy transfer to Mn from hole traps created by 
octanethiol which increases the Mn-emission intensity.  
4.2 Results and Discussion 
 
 Two different Mn-doped CdS/ZnS nanocrystals, one with interfacial Mn-doping 
and the other with Mn-doped at the second layer of ZnS were prepared along with the 
undoped counterpart. The CdS core has a diameter of 3.6 nm and each layer of ZnS is 
0.6 nm.  UV-Vis and emission spectra of the three (undoped, interfacial and second layer 
Mn-doped) nanocrystals are shown in figure 4.1. Representative TEM images of Mn-
doped nanocrystals are shown in appendix (figure A2). The similarity of the absorption 
spectra especially in the higher wavelength region implies that the nanocrystals are 
structurally similar. The undoped nanocrystal has exciton emission centered around 430 
nm. In the Mn-doped nanocrystals, the exciton emission is quenched due to fast exciton-
Mn energy transfer and they exhibit Mn-emission around 620 nm. The Mn emission is 
centered on 622 nm for interfacial doped nanocrystal and 613 nm for second layer doped 
nanocrystal. The blue shift in the emission maxima for second layer doped nanocrystal is 
consistent with decrease in local lattice strain as the Mn-is doped away from the 
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interface.94,95 Mn 4T1 to 
6A1 spin forbidden transition energy is the difference between 
the pairing energy (P.E.) and ligand field stabilization energy (P.E.- Δ). Decrease in the 
local lattice strain leads to increase in the Mn-S bond length decreasing the crystal field 
stabilization energy (Δ). As Δ decreases, the emission energy increases and the emission 
maximum blue shifts for second layer Mn-doped nanocrystal. 
 
Figure 4.1 (a) Absorption and (b) emission spectra of undoped and Mn-doped CdS/ZnS 
nanocrystals. 
Mn-emission quantum yield and Mn-lifetime nanocrystals are determined as 
discussed in chapter 2 and shown in table 4.1.  The average number of Mn in Mn-doped 
nanocrystals are determined through inductively coupled plasma mass spectrometry 
(ICP-MS), is also shown in table 4.1. To compare the effects of shell thickness on 
exciton dynamics in Mn-doped nanocrystals upon adding octanethiol, a thin shell sample 
was also synthesized (CdS/ZnS/5.3Mn/1.5 ZnS). 
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Sample <Mn> ФMn τMn φMn τMn/τMn,r 
CdS/6ZnS 
Mn at the 
interface 
18 0.60 4.2 0.66 0.67 
CdS/6ZnS 
Mn at the 2nd 
layer 
15 0.72 4.5 0.84 0.71 
 
Table 4.1 Mn concentration (<Mn>), Mn-PL quantum yield (ФMn ), Mn-lifetime (τMn), 
Mn-radiative quantum yield (φMn, calculated from equation 4.7) and ratio of Mn-lifetime 
to Mn-radiative lifetime (assuming Mn-radiative lifetime is 6.3 ms)  in Mn-doped 
CdS/ZnS nanocrystals.  
4.2.1 Transient Absorption Measurements with Octanethiol on Mn-doped CdS/ZnS 
Nanocrystals 
 
Transient absorption measurements were performed on both undoped and doped 
nanocrystals in the presence of octanethiol. The nanocrystals were excited at 395 nm and 
the change in absorption (ΔOD) was measured probing at the band-edge at 420 nm. The 
pump excites the electrons from valence band to the conduction band making the 
conduction band-edge partially filled, therefore if probed at the band-edge the 
probability of exciton formation is decreased and the ΔOD becomes negative. Over time 
the electron relaxes which is manifested in the recovery of ΔOD, known as bleach 
recovery. This bleach recovery at the band-edge mainly represents the electron 
dynamics.7,36,57-60 Figure 4.2 shows the bleach recovery of undoped CdS/ZnS 
nanocrystals in presence of octanethiol. In undoped nanocrystals the bleach recovery is 
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mainly due to exciton recombination and charge carrier trapping which is depicted in 
figure 4.3. Addition of hole trapping surfactants such as octanethiol slows down the 
bleach recovery as it traps more holes preventing the exciton recombination process.  
Slowing down of the bleach recovery with hole trapping surfactants is consistent with 
earlier studies. The bleach recovery from undoped nanocrystals was fitted mono-
exponentially with ~1 ns time scale.  
 
 
Figure 4.2 Bleach recovery dynamics of undoped CdS/ZnS nanocrystal with increasing 
amount of octanethiol (pump at 395 nm, probe at 420 nm).  
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Figure 4.3 Schematic of exciton relaxation processes in undoped CdS/ZnS nanocrystals.  
Figure 4.4 shows the bleach recovery dynamics in presence of increasing amount 
of octanethiol for all the Mn-doped nanocrystals used in this study.  First, the effect of 
Mn-doping on the exciton dynamics will be discussed in brief in accordance with our 
earlier studies. Then the effect of octanethiol will be elucidated. Due to additional 
contribution from exciton-Mn energy transfer, the bleach recovery in Mn-doped 
nanocrystals is much faster. Figure 4.5 depicts the different exciton relaxation processes 
in Mn-doped nanocrystals.  
The bleach recovery in the Mn-doped nanocrystals has a fast component due to 
energy transfer along with a slow component. The slow component has time scale 
similar to the undoped nanocrystals (~ 1ns). The origin of this slow component was 
assigned to hole trapping which competes with exciton-Mn energy transfer. The hole 
trapped nanocrystals do not have exciton-Mn energy transfer and behave as undoped 
nanocrystals leading to this slow component. The fast component due to exciton-Mn 
energy transfer is fitted to two exponentials similar to our earlier study.32 Therefore, the 
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bleach recovery in doped nanocrystals is fitted with the sum of three exponential 
functions (equation 4.1). First two exponentials represent exciton-Mn energy transfer 
and the third exponential is due to hole trapped nanocrystals having a long ~ 1ns time 
scale. Energy transfer time scale is extracted by averaging first two exponentials as 
shown in equation 4.2. The efficiency of energy transfer is given by combination of 
  and    (equation 4.3) whereas the amplitude of third exponential (  ) represents the 
efficiency of hole trapping (equation 4.4). Hole trapping time (     ) is obtained from 
the branching ratio between energy transfer and hole trapping (equation 4.5).  
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Figure 4.4 Transient absorption data for Mn-doped CdS/ZnS with increasing amount of 
octanethiol (pump at 395 nm and probe at 420 nm) (a) interfacial doped, (b) 2nd layer 
doped and (c) thin ZnS layer nanocrystal. 
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Addition of octanethiol has a pronounced effect on bleach recovery dynamics for 
Mn-doped nanocrystals. Table A1 lists all the extracted parameters for Mn-doped 
nanocrystals using equation 4.1 and 4.5. The addition of octanethiol has two distinct 
effects (Figure 4.6). First, addition of octanethiol makes the exciton-Mn energy transfer 
slightly faster. The addition of octanethiol possibly extends the hole wavefuntion to the 
surface leading to increased exciton-Mn wavefunction overlap which increases the 
energy transfer rate. Additionally, the amplitude of long decay component (     : 
representing the hole trapping efficiency) increases with increasing octanethiol 
concentration. The increase of       is consistent with the hole trapping nature of 
octanethiol. The hole trapping rate due to octanethiol (and thus hole trapping time,    ) 
can be calculated by subtracting the combined hole trapping rate after adding octanethiol 
from the intrinsic hole trapping rate (equation 4.6). It was found that the hole trapping 
time (     ) was much slower than the energy transfer time. The hole trapping 
efficiency, exciton-Mn energy transfer time, hole trapping time and hole trapping time 
due to octanethiol are plotted in figure 4.6 (a), (b), (c) and (d) respectively. In the 
interfacial doped nanocrystal the energy transfer is the fastest and gets slower in 2nd 
layer doped nanocrystal due to decreased exciton-Mn wavefunction overlap. The 2nd 
layer doped nanocrystal has higher hole trapping efficiency as the energy transfer is 
slower than interfacial doped nanocrystal, therefore, the competitive hole trapping 
process is more probable. The thin shell nanocrystal has the highest hole trapping 
efficiency. The exciton wavefunction extends to the surface due to thinner ZnS shell and 
the hole has higher probability of being trapped. Also, the energy transfer rate is slowest 
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in this nanocrystal making competitive hole trapping more efficient. Moreover, hole 
trapping due to octanethiol (represented by    ) becomes faster as octanethiol 
concentration is increased.     decreases more rapidly in the thin shell sample as the 
octanethiol will trap holes more efficiently due to thin ZnS passivation. 
   =      (      ) −       (         )                =    
                        (   )    
 
 
Figure 4.5 Schematic of exciton relaxation processes in Mn-doped CdS/ZnS 
nanocrystal. 
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Figure 4.6 Hole trapping efficiency (     ), exciton-Mn energy transfer time (   ), hole 
trapping time (     ) and hole trapping time due to octanethiol (   ) for Mn-doped 
nanocrystals; interfacial Mn-doped ( ), 2nd layer Mn-doped ( ) and thin ZnS shell 
nanocrystal ( ). 
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Figure 4.6 Continued.  
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4.2.2 Effect of Octanethiol on Mn-PL Intensity and Lifetime 
 
Exciton luminescence in undoped CdS/ZnS nanocrystals is completely quenched 
after adding octanethiol. The Mn-PL intensity in the thin shell nanocrystals is also found 
to decrease. However, effect of octanethiol on thick ZnS passivated nanocrystals 
(interfacial and 2nd layer Mn-doped) is quite interesting. Mn-luminescence quantum 
yield (   ) depends on the exciton-Mn energy transfer efficiency (   ) and radiative 
Mn-luminescence quantum yield (   ).  
                                                    =                                                                   (   ) 
    depends on the Radiative and non-radiative decay rates of Mn as shown in equation 
4.8. From transient absorption measurements we have seen     decreases with 
octanethiol concentration as the efficiency of hole trapping (     ) increases. The 
radiative Mn-luminescence quantum yield does not change on adding octanethiol as the 
lifetime of Mn-emission does not depend on octanethiol concentration shown in figure 
4.7. Therefore, we expect a decrease in Mn-PL intensity after upon adding octanethiol as 
in the case for thin shell nanocrystal.  
   =
  
  +    
                                                                                                      (   ) 
                    = 
   
  
 
 40 
 
 
Surprisingly, the Mn-PL intensity is found to increase with octanethiol concentration for 
interfacial and 2nd layer Mn-doped nanocrystals which have thicker ZnS passivation 
(figure 4.8). The increase in Mn-PL is counterintuitive and cannot be explained through 
equation 4.7.  
 
Figure 4.7 Effect of octanethiol on Mn-lifetime in Mn-doped nanocrystals (a) interfacial 
doped and (b) 2nd layer doped (intensity normalized to 0M octanethiol concentration). 
 
Figure 4.8 Effect of octanethiol on Mn-PL intensity in Mn-doped CdS/ZnS nanocrystals 
(a) interfacial doped and (b) 2nd layer doped. 
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 Addition of octanethiol does not change the Mn-emission wavelength in these 
nanocrystals, as shown in the appendix figure A1.  
4.2.3 Effect of Mn-Concentration on Mn-emission in the Presence of Octanethiol 
 
Mn-emission intensity increases in the presence of octanethiol for thicker ZnS 
passivation. The more is the number of Mn, the more is the increase in the Mn-emission 
intensity for the same 6 layer ZnS thickness. For two different doping locations, with 
increase in Mn-concentration, the Mn-emission intensity increases more for same 
octanethiol concentration, this is shown in figure 4.9.  
 Figure 4.9 Increase in Mn-PL with two different octanethiol concentration for different 
Mn concentration in (a) interfacial doped and (b) 2nd layer doped CdS/ZnS. 
Presence of Mn-dopants leads to fast exciton-Mn energy transfer which results in 
Mn-emission. After adding octanethiol, it creates additional hole traps which is 
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manifested in the increase of       with increasing amount of octanethiol. As the 
radiative Mn-luminescence quantum yield (   ) does not depend on octanethiol 
concentration, the increase of Mn-PL must come from an additional energy transfer from 
thiol hole traps to Mn which excites the Mn and increases the Mn-PL intensity. This is 
shown in figure 4.10. Intrinsic hole trapping is a competitive process to exciton-Mn 
energy transfer and this hole trapped exciton does not energy transfer back to Mn. 
However, exciton trapped in hole traps created by octanethiol can slowly energy transfer 
back to Mn to increase the Mn-luminescence intensity. Therefore we write the Mn-
luminescence quantum yield (   ) as equation 4.9 where we introduce an extra term 
   
   to account for the contribution due to energy transfer from octanethiol hole traps. 
The extent of this additional energy transfer depends on the number of Mn and 
octanethiol concentration. Therefore, with increase in Mn-doping concentration, it was 
found that the Mn-PL intensity increase after adding octanethiol. However, increase in 
Mn-PL was not very regular with increase in octanethiol concentration. The actual 
amount of traps created by octanethiol is not so easy to decipher. Also, the number of 
octanethiol actually on the surface, which will affect the number of traps created, is still 
under investigation. For thin ZnS passivation, Mn-PL is quenched in the presence of 
octanethiol. Due to thinner passivation the energy transfer rate is on the same order as 
the hole trapping rate and hole trapping efficiency is very high, as evident from transient 
absorption measurements. Therefore, the additional energy transfer may not be sufficient 
to circumvent the effect of hole trapping which leads to decrease in Mn-PL in the 
presence of octanethiol. 
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Figure 4.10 Schematics of octanethiol hole trapping. 
4.3 Conclusion 
 
Hole trapping surfactants are known to decrease exciton luminescence quantum 
yield in CdS or CdSe nanocrystals. However, in Mn-doped nanocrystals the exciton 
energy is channelized to Mn through exciton-Mn energy transfer and this leads to Mn-
emission. Octanethiol being a hole trapping ligand quenches exciton emission but 
increases Mn-emission in CdS/ZnS nanocrystals with sufficient ZnS thickness. Transient 
absorption measurement reveals that octanethiol traps the hole in both doped and 
undoped nanocrystals, however in Mn-doped nanocrystals Mn-PL increases due to 
energy transfer from octanethiol trapped exciton. Through steady state and time resolved 
measurements, we have investigated the role of octanethiol on Mn-luninescence and 
exciton-Mn energy transfer dynamics which were previously unexplored. 
 
 44 
 
 
CHAPTER V 
EFFECT OF SURFACE ENVIRONMENT ON SPIN-LATTICE RELAXATION 
DYNAMICS OF IRON OXIDE NANOCRYSTALS* 
 
5.1 Introduction 
 
The effect of varying the surfactant and solvent medium on the dynamics of spin-
lattice relaxation in photoexcited Fe3O4 nanocrystals has been investigated by measuring 
the time-dependent magnetization employing pump-probe transient Faraday rotation 
technique. The variation of the surfactants having surface-binding functional groups 
modified not only the static magnetization but also the dynamics of the recovery of the 
magnetization occurring via spin-lattice relaxation in the photoexcited Fe3O4 
nanocrystals. The variation of the polarity and size of the solvent molecules can also 
influence the spin-lattice relaxation dynamics. However, the effect is limited to the 
nanocrystals having sufficiently permeable surfactant layer, where the small solvent 
molecules (e.g. water) can access the surface and dynamically modify the ligand field on 
the surface.  
The effect of surface-passivating surfactant and the surrounding medium on the 
relaxation rate of the excited state is an important topic in the research of various 
nanocrystalline materials and their applications.  
*
 Reprinted in part with permission from Maiti, Sourav; Chen, Hsiang-Yun; Chen, Tai-
Yen; Hsia, Chih-Hao; Son, Dong Hee. Effect of Surfactant and Solvent on Spin–Lattice 
Relaxation Dynamics of Magnetic Nanocrystals. J. Phys. Chem. B 2012, 117 (16), 4399-
4405. Copyright 2012 by the American Chemical Society 
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For instance, the relaxation of the photoexcited excitons or electrons in 
semiconducting or metallic nanocrystals, important in determining their photovoltaic and 
photocatalytic efficiency, is sensitive to the chemical environment at the nanocrystal 
surface.
96-98
 For this reason, the effect of varying the surface-passivating molecules and 
the surrounding medium in the decay of the excited electronic states and phonons of the 
nanocrystals has been studied extensively.
35,99-102
 In the case of semiconductor 
nanocrystals, significant effort was made in understanding the role of surfactant 
molecules in the charge transfer processes that affect the relaxation dynamics of the 
charge carriers.
6,34,36,103
 The effect of the molecules in the solvent medium close to the 
nanocrystals that do not specifically bind to the nanocrystal surface on the dynamics of 
exciton relaxation through charge transfer or (and) energy transfer was also 
investigated.
60,104
  
It was also recognized that the surfactant molecules can provide an extra 
vibrational bath for the nonradiative relaxation of the charge carriers in addition to the 
phonons of the nanocrystal lattice.
35
 In metallic nanocrystals, the effect of varying the 
surrounding medium was mostly focused on phonon cooling that follows the rapid 
electron relaxation.
101
 While the role of surface-passivating surfactant on the surface and 
surrounding medium in the electronic and phonon relaxation of the nanocrystals is 
relatively well studied, much less is known about their effect on the relaxation of the 
spin degrees of freedom. In magnetic nanocrystals of ferromagnetic metals and metal 
oxides, earlier studies investigated the effect of varying the surfactant molecules on the 
static magnetic properties. For instance, the role of surfactant molecules on restoring the 
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disordered surface spin and on the strength of surface spin-orbit coupling and surface 
anisotropy were investigated.
41,44,105
 Recently, our group studied the dynamic magnetism 
of the optically excited Fe3-xCoxO4 nanocrystals, where the rate of the recovery of 
magnetization following the optically induced demagnetization was measured as a 
function of particle size and chemical composition.
54
 The rate of magnetization recovery 
occurring via spin-lattice relaxation became faster with decreasing particle size. This 
observation was explained by the average spin-orbit coupling having contribution from 
both the interior and the surface of the nanocrystals, where the surface experiences the 
stronger spin-orbit coupling than the interior part. Considering the surfactant’s influence 
on the surface spin order and surface spin-orbit coupling, it is conceivable that varying 
the surfactant also influences the dynamics of spin-lattice relaxation in magnetic 
nanocrystals. Furthermore, if the solvent molecules can access the surface of the 
nanocrystals, they may also participate in the spin-lattice relaxation playing a similar 
role as the surface-bound surfactant molecules.   
In this study, we examined whether varying the surfactant and solvent medium 
can influence the spin-lattice relaxation of the magnetic nanocrystals via time-resolved 
measurement of the magnetization in photoexcited Fe3O4 nanocrystals. Pump-probe 
Faraday rotation technique was used to measure the dynamics of the magnetization 
recovery following the pump-induced partial demagnetization. The results indicate that 
spin-lattice relaxation rate in Fe3O4 nanocrystals is affected by both the surface-binding 
functional groups of the surfactant molecules and surrounding solvent molecules. The 
influence of the solvent molecules on the spin-lattice relaxation is, however, more 
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apparent in the nanocrystals with thin surface passivation that allows the solvent 
molecules an easier access to the surface of the nanocrystals. The observation made in 
this study shows that the variation of the chemical environment on and near the surface 
of the magnetic nanocrystals can modify not only the static magnetic properties but also 
the dynamic magnetism.  
5.2 Results and Discussion 
5.2.1 Effect of Varying Surfactants on Spin-Lattice Relaxation 
 
 In order to examine whether varying the surface-binding functional group of the 
surfactant influences the dynamics of spin-lattice relaxation, we prepared Fe3O4 
nanocrystals (5.3 nm in diameter) passivated with carboxylic acids and alcohols after 
phase transfer from the TMAH-passivated nanocrystals, as described in the experimental 
section. We chose these functional groups since the earlier study indicated that they 
exhibit different surface spin-orbit coupling resulting in the difference in the coercivity 
in MnFe2O4 nanocrystals.
44
 For the surfactants with carboxyl group, oleic acid 
(CH3(CH2)7CH=CH(CH2)7CO2H) and 4-(octyloxy)benzoic acid 
(CH3(CH2)7OC6H4CO2H) were used. Octadecanol (CH3(CH2)17OH) and 4-(n-
octyloxy)phenol (CH3(CH2)7OC6H4OH) were used as the surfactants having hydroxyl 
group. All of these surfactants produced highly dispersible nanocrystals in nonpolar 
solvents, which are consistent with relatively large free energy of adsorption (-G = 14-
18 kJ/mol,) of linear aliphatic acids and alcohols from n-heptane and n-decane to iron 
oxide surface.
106
 This allowed us to examine the effect of varying the surfactant for the 
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sufficiently well isolated nanocrystals in dilute dispersion without the complication 
arising from the aggregates of the nanocrystals. The absence of aggregation was 
confirmed from the inspection of TEM images showing various different areas on the 
grid. Typical TEM images of the nanocrystals are shown in the figure 5.1.  
 
 
 
Figure 5.1 Typical TEM images of (a) octadecanol and (b) 4-(n-octyloxy)phenol-
passivated Fe3O4 nanocrystals. 
 
The interparticle magnetic dipolar interaction in the aggregate or assembly is 
known to change static magnetic properties.
71,107
 Thiols, which are also known to 
passivate Fe3O4 surface, were not used in this study because of their higher tendency to 
form the aggregated nanocrystals. The optical absorption spectra of 1-octadecene 
solutions of Fe3O4 nanocrystals passivated with the four surfactants are almost identical 
throughout the visible and near infrared spectral region except in 4-(n-octyloxy)phenol-
passivated nanocrystals (Fig 1(c)). The origin of a small additional absorption in visible 
region in 4-(n-octyloxy)phenol -passivated nanocrystals is not clear, while it may arise 
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from the charge transfer absorption between phenolic group and Fe
3+
 ion.
108
  The 
absorption spectra of Fe3O4 nanocrystals are sensitive to the partial surface oxidation to 
Fe2O3 phase in >600 nm region, where the absorption from the intervalence charge 
transfer between Fe
2+
 and Fe
3+
 absorption becomes weaker with oxidation of Fe
2+
 to 
Fe
3+
.
109
 The similarity of the absorption spectra in this region in all the nanocrystal 
samples indicates that the degree of oxidation is maintained closely in all the samples 
during the surfactant exchange process. 
Figure 5.2 (a) compares transient Faraday rotation data (Δθ/θ0) of Fe3O4 
nanocrystals passivated with four different surfactants and dispersed in 1-octadecene at 
the same concentration. We also compared the corresponding transient absorption data 
(ΔOD) to examine the effect of varying the surfactants on the electronic relaxation in 
Figure 5.2 (b). The recovery of Δθ/θ0 represents the recovery of the magnetization 
following the photo-induced demagnetization by the pump pulse. The slower component 
of the recovery, occurring on hundreds of ps time scale, was assigned to the recovery of 
magnetization by spin-lattice relaxation in our earlier studies.
42,54
 Therefore, we will 
compare the slower recovery component of Δθ/θ0 to examine the effect of surface 
passivation on the dynamics of spin-lattice relaxation. 
In Figure 5.2 (a), the nanocrystals passivated with alcohols exhibit the slower 
recovery of Δθ/θ0 than those passivated with carboxylic acids. On the other hand, the 
difference in the tail group for a given surface-binding functional group has little 
influence on the dynamics. Variation of the surfactants also affects θ0 that represents the 
relative static magnetization of the nanocrystals. Alcohol-passivated nanocrystals exhibit 
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~30 % smaller θ0 than those passivated with carboxylic acids as shown in Table 1. 
Varying the tail group for a given surface-binding functional group does not affect θ0. 
The surfactant molecule, although non-magnetic by itself, influences the total 
magnetization of the magnetic nanocrystals by partially reestablishing the order of the 
surface spins that would disorder in the absence of the surfactants.
41
 
 
 
 
Figure 5.2 (a) Transient Faraday rotation and (b) transient absorption data of Fe3O4 
nanocrystals passivated with four different surfactants and dispersed in 1-octadecene. 
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Solid and dashed lines are samples passivated with carboxylic acid and alcohols, 
respectively. 
Therefore, the dependence of θ0 on the surface-binding functional groups can be 
ascribed to the difference in the surfactant’s capability to order the surface spins. The 
larger value of θ0 for the carboxylic acid-passivated nanocrystals is also consistent with 
the carboxylic acid’s particularly strong ability to restore the order in the surface spins 
due to its coordination character close to the lattice oxide.
41
  
In principle, different surfactants can have different surface spin-orbit coupling 
or (and) vibronic coupling. Due to the relatively large surface to volume ratio of the 
nanocrystals of  <10 nm, the differences in the surface can be seen in the experimentally 
measured overall spin-lattice relaxation rate.
42
 Generally, as the strength of ligand field 
exerted on the magnetic ion becomes weaker, the effective spin-orbit coupling will 
become stronger and increase the spin-lattice relaxation rate.
110
 Stronger vibronic 
coupling can increase spin-lattice relaxation rate as well. According to the study on the 
Langmuir adsorption isotherm of aliphatic alcohols and carboxylic acids to Fe2O3 
surface from hydrocarbon solvent, carboxylic acids bind a bit more strongly than 
alcohols.
106
 If one interprets the stronger binding as the stronger ligand field exerted to 
the metal ions on the surface, the slower recovery of Δθ/θ0 in alcohol-passivated 
nanocrystals may seem in contradiction to the expectation based on the above argument. 
However, different surface coordination geometry (e.g., mixed bidentate
111,112
 and 
monodentate binding of –CO2
-
 vs. monodentate binding of –OH) and possible 
differences in the surface grafting density and the vibronic coupling make the prediction 
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of the effect of surfactants on spin-lattice relaxation difficult. Furthermore, whether the 
difference in the surface spin disorder can influence the spin-lattice relaxation rate is 
another issue that adds the complexity to the problem. Nevertheless, the data shown in 
Figure 5.2 (a) clearly show that the surface-binding functional group can modify not 
only the static magnetization but also the rate of its relaxation in magnetic nanocrystals. 
Disentangling all the contributing factors determining the dynamics of spin-lattice 
relaxation in Fe3O4 nanocrystals passivated with different surfactants is beyond the 
scope of this study and will require further investigation.   
The transient absorption (OD) data shown in Figure 5.2 (b) indicate that 
varying the surfactants also influences the dynamics of electronic relaxation. The 
transitions excited by the pump pulse and monitored by the probe pulse correspond to 
the intervalence charge transfer between Fe
2+
 and Fe
3+
 ions.
113
 In such case, the 
electronic relaxation occurring near the nanocrystal surface can be viewed as the 
photoinduced charge transfer process coupled to the nuclear motions of not only the 
lattice but also the surfactant molecules. Among the factors determining the rate of 
charge transfer, the vibrational organization energy associated with Fe-surfactant 
bonding is the most likely one that will vary with the nature of the surface-binding 
functional group. It is interesting to note that OD data show a grouping based on the 
surface-binding functional group similarly to Δθ/θ0 data. Oleic acid and 4-
(octyloxy)benzoic acid-passivated nanocrystals exhibit very similar decay dynamics of 
Δθ/θ0. In the two alcohol-passivated nanocrystals, while both exhibit the slower decay 
than the carboxylic acid-passivated nanocrystals, the difference in the dynamics is larger. 
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This is possibly due to the additional spectroscopic process probed in octyloxypheol-
passivated nanocrystals as evidenced in the extra absorption in the visible region of the 
absorption spectrum shown in Figure 3.3 (c). Since both spin-lattice relaxation and 
electronic relaxation of Fe3O4 nanocrystals are affected by the nature of the bonding 
(e.g., strength and coordination geometry) between metal ions and the functional group, 
the similar grouping of the dynamics in both Δθ/θ0 and OD may not be surprising.  
5.2.2 Effect of Varying Solvent on Spin-Lattice Relaxation 
 
To investigate the effect of varying the surrounding solvent medium on the 
dynamics of spin-lattice relaxation, we prepared two groups of Fe3O4 nanocrystal 
samples (7.5 nm in diameter). One group of the samples (Group A) is the organic-
soluble nanocrystals initially synthesized using oleic acid and oleylamine as the 
surfactants as described in the experimental section. Infrared spectroscopy confirmed the 
presence of carboxylate on the surface while the presence of oleylamine was unclear.
114
 
Group A represents the nanocrystals passivated with surfactants with long carbon-chain 
forming a relatively thick layer and soluble in organic solvents. Chloroform, 
iodopropane, cyclohexane and 1-octadecene were chosen as the solvents, since they 
encompass the varying degree of polarities and sizes with potentially different surface 
accessibility and surface-solvent interaction. For the second group (Group B), 
tetramethylammonium hydroxide (TMAH) was used as the surfactant to disperse the 
nanocrystals in the mixtures of water and propanol in varying proportions. Group B 
represents the nanocrystals passivated with a thin surfactant layer allowing the surface 
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more accessible to the solvent molecules. Short-chain carboxylic acids could not be used 
to prepare the nanocrystals with thin surfactant layer due to either nanocrystals chemical 
instability (e.g., dissolution by benzoic acid) or higher tendency to aggregate. The UV-
Vis absorption spectra of the Group A and B samples are nearly identical as shown in 
Figure 3.3 (b) despite the large differences in the structure of the surfactant and solvent 
environment. The purpose of the comparison in these two groups of nanocrystals is to 
examine whether the solvent molecules can influence the spin-lattice relaxation, and 
how the structure of the surfactants affects the contribution of the solvent molecules to 
spin-lattice relaxation.   
Figure 5.3 (a) and (b) show the transient Faraday rotation data (Δθ/θ0) of Group 
A and B samples in various different solvents respectively. Figure 5.3 (c) and (d) are the 
corresponding transient absorption data. In Figure 5.3 (a), Group A samples having thick 
passivation exhibit essentially the same dynamics in Δθ/θ0 data. The slow-recovery 
component has the time constant of ~250 ps for all three samples indicating that the 
solvent does not affect the spin-lattice relaxation rate in Group A samples. In a separate 
experiment, we made an additional comparison using iodopropane as the solvent. It has 
the highest dielectric constant (=7) among the solvents used for Group A samples and 
contains a heavier atom that can potentially have the stronger influence on the ligand 
field and spin-orbit coupling on the surface. 
In this comparison, due to the relatively low solubility of the oleic acid-
passivated nanocrystals in iodopropane, the comparison was made between octadecene 
and mixture of octadecene and iodopropane (15 and 26 volume % of iodopropane). The 
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recovery of Δθ/θ0 signal in different solvent mixtures exhibited no noticeable difference 
(Figure 5.4), also indicating the absence of the influence from the solvent on the spin-
lattice relaxation in Group A samples. ΔOD data shown in Figure 5.3 (c) are only 
weakly dependent on the solvent. The average decay timeof the ΔOD signal varies 
slightly in the range of 61-53 ps. On the other hand, Group B samples passivated with 
TMAH exhibit quite different behavior from Group A samples in both Δθ/θ0 and ΔOD 
data. In Figure 5.3 (b), the recovery of Δθ/θ0 becomes significantly faster as the water 
content increases in the solvent. In 100% water, Δθ/θ0 recovered nearly completely by 
200 ps. The average decay time of ΔOD signal also became shorter by 40% (61 to 39ps) 
as the water content increased from 4 to 50%. 
We ascribe the observed difference in the effect of the solvent on the spin-lattice 
relaxation in Group A and B samples mainly to the difference in the accessibility and 
affinity of the solvent molecules to the surface of the nanocrystals. In order for the 
solvent molecules to influence the spin-lattice relaxation, they should be sufficiently 
close to the magnetic ions on the surface to affect the surface spin-orbit coupling or 
(and) vibronic coupling. Since the oleyl group forms relatively well-passivating and 
thick surface layer, the penetration of the solvent molecules through the surfactant layer 
to the nanocrystal surface could be restricted for all the solvent molecules. In that case, 
varying the solvent in Group A samples will not change the surface coordination 
environment, therefore having little influence on the spin-lattice relaxation rate.   
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Figure 5.3 (a), (b) Transient Faraday rotation data of Group A and B nanocrystals, 
respectively. (c), (d) Transient absorption data of Group A and B nanocrystals, 
respectively.  
In Group B samples, on the other hand, OH
-
 ions coordinate to the metal ions and 
tetramethylammonium cations form the outer layer.
115
 Due to the relatively thin 
passivation layer formed by TMAH, solvent molecules may access the surface of the 
nanocrystals more readily in contrast to Group A samples. The stronger dependence of 
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the decay of ΔOD signal in Group B compared to Group A samples also corroborates the 
easier access of solvent molecules to TMAH –passivated surface. On the clean Fe3O4 
surface exposed to the water vapor, dissociative chemisorption of water molecules into 
OH
-
 and H
+
 occurs favorably during the initial phase of water adsorption followed by 
physisorption of water molecules at the higher coverage.
116
 Since the surface of TMAH-
passivated Fe3O4 nanocrystals is already sufficiently coordinated with OH
-
, water 
molecules will likely physisorb on the surface. The enthalpy of desorption of 
physisorbed water molecules on the epitaxial Fe3O4 surface is Hdes = ~50 kJ/mol, 
which is larger than the enthalpy of vaporization of water (Hvap = 44.0 kJ/mol).
117,118
 
Although G of physisorption of a water molecule from the liquid water in the solvent to 
Fe3O4 surface is not available, the larger Hdes than Hvap suggest that physisorption of 
water molecules can be favorable despite the strong hydrogen bonding present in bulk 
water. Since propanol and water have the same surface-binding functional group and 
similar Hvap (Hvap for propanol = 47.5 kJ/mol), it is reasonable to expect that propanol 
will adsorb similarly to water.
118
  However, the overall capability to modify the surface 
coordination environment will vary depending on G of adsorption and the accessibility 
of the solvent to the surface, which will be manifested as the difference in the solvent’s 
effect on the spin-lattice relaxation rate. Therefore, one may view the solvent-dependent 
dynamics of spin-lattice relaxation observed in Group B samples from the perspective of 
the surface adsorption of different solvent molecules. As the water content in the solvent 
mixture increases in Group B samples, Δθ/θ0 recovers more quickly as shown in Figure 
5.3 (b), indicating enhanced spin-lattice relaxation with increasing water content.  
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Figure 5.4 (a) Transient Faraday rotation and (b) transient absorption data of Fe3O4 
nanocrystals (7 nm) with successive addition of iodopropane dispersed in 1-octadecene 
(pump fluence = 50 mJ/cm2).   
Potentially more active adsorption/desorption equilibrium of weakly-bound water 
molecules compared to OH
-
 may have contributed to the enhanced spin-lattice 
relaxation, since the fluctuation of the ligand field on the magnetic ion causes the spin-
lattice relaxation.
119
  Compared to water, propanol molecule is larger in size and its self-
diffusion coefficient is ~4 times smaller.
120
 This may impose a higher barrier for 
propanol molecule’s access to the surface of the nanocrystals and lead to the slower 
fluctuation of the ligand field from the solvent molecules at the surface. In such case, the 
slower recovery of Δθ/θ0 with the lower water content in the solvent may be ascribed to 
the propanol's poorer capability to access the surface and dynamically disturb the ligand 
field on the metal ions than water.  
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5.3 Conclusion 
 
The effect of varying the surface-passivating surfactants and solvent environment 
on spin-lattice relaxation of the optically excited Fe3O4 nanocrystals has been 
investigated through the transient Faraday rotation measurement. The passivation of the 
nanocrystal surface with surfactants having different surface-binding functional groups 
(carboxylate vs. hydroxyl group) resulted in different spin-lattice relaxation rate, while 
the variation of tail group had no influence. The dependence of the spin-lattice relaxation 
on the surfactants is due to the differences in the metal-surfactant coordination strength 
and structure that affect the surface spin-orbit coupling or (and) vibronic coupling. The 
effect of varying the solvent environment for a given surface-passivating surfactant 
depends on the accessibility of the solvent molecules through the surfactant layer. The 
nanocrystals with thick and well-passivating layers experienced no effect of varying the 
solvent molecules of varying size and polarity. For the nanocrystals with thin and more 
permeable surfactant layer, such as TMAH, spin-lattice relaxation rate changed with the 
variation of the solvent composition. 
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CHAPTER VI 
FUTURE ASPECTS: TEMPERATURE DEPENDENT Mn-LUMINESCENCE IN Mn-
DOPED CdS/ZnS NANOCRYSTALS: ROLE OF TRAPPING ON Mn-
LUMINESCENCE 
 
We have investigated the temperature dependence of Mn-luminescence and 
lifetime in Mn-doped CdS/ZnS core/shell nanocrystals compared to the exciton emission 
in undoped nanocrystals elucidating the role of charge carrier trapping on dopant 
photoluminescence. Charge carrier trapping is the major process that hinders the 
photoluminescence of both undoped and doped nanocrystals, therefore, intensive 
research is going on to have better understanding of charge carrier trapping in 
nanocrystals.  
Temperature dependent exciton luminescence intensity and lifetime have been 
studied on undoped nanocrystals in a wide temperature range starting from liquid He 
temperature to well above room temperature providing important information about 
major non-radiative processes within the nanocrystal. Four different temperature-
dependent phenomena were observed in the case of CdSe nanocrystals. In very low 
temperature region (<50K) the exciton photoluminescence intensity remains constant 
with single exponential decay implying the radiative decay of exciton. In the region ~50-
250K both the intensity and lifetime decreases with increasing temperature resulting 
dominated by thermally activated charge carrier trapping. In the region ~250 to 300K 
temperature induced anti-quenching is observed where the luminescence intensity and 
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lifetime increases with temperature due to reorganization on the nanocrystal surface 
induced by the surfactant phase transition. Above room temperature (>300), the 
luminescence intensity start to decrease due to thermal quenching that is explained by a 
trion formation mechanism. Here, electrons in the valence band are thermally promoted 
to surface states leaving hole in the valence band, thus photoexciton creates a trion and 
the nanocrystal undergoes non-radiative Auger relaxation. The exciton lifetime also start 
to decrease due more charge carrier trapping and creation of new trap states induced by 
enhanced temperature.To have more insight on charge carrier trapping Jones et. al. 
studied the temperature dependent exciton lifetime of CdSe/CdS/ZnS nanocrystals where 
they modeled the carrier trapping as an electron transfer process. They distinguished 
between surface traps and interfacial traps in a core/shell heterostructure. The exciton 
dynamics is mostly governed by the surface traps which have a broad energy distribution 
relative to the ground exciton energy and the charge carrier trapping-detrapping is the 
key contributing factor towards exciton lifetime.121 
In the case of doped nanocrystals, exciton dynamics is greatly affected by the 
presence of dopant ions, for example in Mn-doped CdSe (diameter <~3.3 nm) the 
exciton emission is quenched due to exciton-Mn energy transfer which results in slowly 
decaying Mn-emission. Therefore, excitonic lifetime becomes faster (from ns to ps) and 
exciton-intensity is quenched accompanied by a low energy Mn-emission. Temperature 
dependence of Mn-doped CdSe (diameter ~2.2 nm) has revealed that the slowly 
decaying Mn can act as energy storage and transfer the population back to exciton with 
increasing temperature. Therefore, in the 5-185K range, both exciton emission intensity 
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and lifetime increases with temperature. The Mn-emission intensity and lifetime 
decreases with temperature presumably due to increase in non-radiative rates for Mn-
decay. This back energy transfer from excited Mn to repopulate excitonic states has been 
used to make dual emitting ZnMnSe/ZnCdSe core/shell nanocrystals where the ratio 
between exciton emission and Mn-emission can be tuned by temperature.122 Due to back 
energy transfer, increasing temperature leads to increase in exciton-photoluminescence 
with simultaneous decrease in Mn-luminescence. Therefore, temperature dependent 
luminescence studies can provide insight about energy transfer dynamics in doped 
nanocrystals.  
Recently, we have explored the dynamics of exciton-Mn energy transfer in 
CdS/ZnS core/shell nanocrystals by varying the Mn-concentration and doping location. 
It was found that energy transfer dynamics strongly depends on hole trapping, where 
hole trapping competes with the exciton-Mn energy transfer. Hole trapping blocks the 
exciton-Mn energy transfer and subsequently decreases the Mn-luminescence quantum 
yield as Mn-quantum yield depends on the extent of energy transfer from exciton to Mn. 
As discussed earlier, temperature dependent luminescence studies provide important 
information about charge carrier trapping, we intend to investigate the temperature 
dependence of Mn-luminescence compared to the undoped counterpart to shed more 
light on the effect of hole trapping on Mn-luminescence. Also, it will be important to 
study the role of surfactant here. After adding hole trapping octanethiol in Mn-doped 
nanocrystals, increase in Mn-emission was observed due to back energy transfer from 
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thiol traps. Temperature dependent studies after thiol exchange will be helpful to provide 
more insight about hole trapping dynamics. 
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APPENDIX 
 
Fitting equation for transient absorption data:  
 
Figure A1. Mn-PL spectra for interfacial doped nanocrystal in presence of octanethiol 
which does not show any wavelength dependence of Mn-PL  in presence of octanethiol.  
 
Figure A2. TEM image of (a) interfacial and (b) 2nd layer Mn-doped CdS/ZnS.  
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Figure A3. Hole trapping rate (ktrap) for interfacial doped ( ), 2
nd layer doped ( ) and 
thin shell ( ) nanocrystal from bleach recovery measurements.  
 
Figure A4. Effect of Different Surfactants on Mn-PL in (a) interfacial (19Mn) and (b) 
2nd layer (15Mn) doped nanocrystals. 
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Sample a1 a2 a3 τ1 
(ps) 
τ
2 
(ps) 
τ
avg= τET 
(ps) 
τ
trap 
(ps) 
τ
OT 
(ps) 
Interfacial 
Mn-doed 
CdS/ZnS 
0. 0  0.3  0.089 0.73  9.0   .99  70.  - 
0. (M)  
thiol 
0.58 0.25 0.    0. 7   7.3  5.75 28.9 48.9 
0.5(M) 
thiol 
0.5  0.25 0. 89  0. 8   5.57  5.33 22.9 33.8 
 ( M) thiol 0.55 0.24 0.207 0.72  5.52  5. 7   9.8  27.5 
 
Table A1. Fitting parameters for interfacial Mn-doped CdS/ZnS.  
 
 
